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Background information
42
The amiloride-sensitive epithelial Na + channel (ENaC) is a multimeric ion channel formed by 43 subunits belonging to the ENaC/degenerin ion channel family, which are genetically related 44 glycoproteins with two transmembrane-spanning regions, intracellular NH 2 -and COOH-termini and 45 a large extracellular domain (6, 49) . ENaC can be formed by different combinations of four 46 homologous subunits, named α, β, γ and δ. A functional cloning approach in Xenopus oocytes using a rat colon cDNA library led to the isolation of three ENaC subunits (α, β and γ), each encoded by a 48 different gene (18, 19) . Co-expression of α, β and γ forms functional channels with properties
49
indistinguishable from that of the native channels in principal cells of the collecting duct (19),
50
which provide an apical Na + entry pathway for Na + reabsorption as a fine-tuning mechanism to 51 control Na + homeostasis and thus extracellular volume and blood pressure (6, 49) . ENaC has also 52 been shown to be essential for lung alveolar fluid homeostasis (3, 26) , although the subunit 53 composition of lung amiloride-sensitive Na + channels displays far more complexity than in the 54 kidney (see below). Soon after the cloning of α, β and γ, a fourth subunit was reported in human 55 tissues (87). This subunit, named δ, is most similar to α in amino acid sequence (37% identity) and 56 is able to form channels alone or in combination with β and γ. The four ENaC subunits have been
57
shown to be expressed in different combinations in non-epithelial tissues, where they may play 58 diverse functional roles (49). Most importantly, δ ENaC differs from α in its tissue distribution and 59 channel properties. It is highly expressed in tissues not directly related to Na + reabsorption, 60 including brain, although it is also present at low levels in the kidney and lung (87). Moreover, it is 61 a constitutively active channel in heterologous expression systems, but its activity is potentiated by 62 a decrease in extracellular pH (40, 97) . Both the expression patter of δ ENaC and its potentiation by 63 extracellular protons make it similar to acid-sensing ion channel (ASIC) subunits, which are also 64 members of the ENaC/degenerin family, highly expressed in nervous tissue and gated by protons (6, 6 genetic distance between δ from M. musculus and the other species is almost 3 times the distance 115 obtained for α, β and γ (Fig. 2B ). This evidence strongly suggests that M. musculus δ ENaC gene
116
has evolved under less genetic pressure than its counterparts, consistent with the idea that the mouse 117 scnn1d constitutes a pseudo-gene, which in turn would explain the difficulties of finding expression 118 of δ ENaC in this species. Also, it is important to highlight that so far there are no reports of full-
119
length cloning of δ ENaC cDNA from a species different from humans (excluding the Xenopus ε 120 subunit). There are reports of a partial mRNA sequence detected by PCR in rabbit retina (15),
121
although no sequence support for rabbit δ ENaC is available from NCBI or Ensembl. Supporting 122 evidence for δ transcripts are now available for chimpanzee and cows (Ensembl), as well as for
123
Macaca mulatta (32) . Until more data is available, and taking into consideration the information
124
gathered from mice, we cannot be certain that δ ENaC is a transcribed gene in every species where 125 the sequence (or parts of it) is found.
δ ENaC expression and combination with other subunits 127
The pattern of δ ENaC expression differs from that of α and does not correlate well with a 128 physiological role in aldosterone-targeted Na + transporting epithelia. The original description of 129 human δ found prominent expression in human gonads, pancreas, brain, heart and thymus, with 130 lower amounts in aldosterone-targeted kidney and lung (87). Later, it was found by dot-blot studies 131 that the expression of δ is widespread, including heart, liver, pancreas, different areas of the brain,
132
stomach/esophagus, skeletal muscle and, interestingly, both adult and fetal human kidney (97 
199
Since human αβγ channels are also activated by a drop in extracellular pH, it could be possible that
200
the sensitivity to protons is given by β and γ. This last possibility seems unlikely because 201 homomeric δ channels are also activated by extracellular pH (97).
202
The proton sensitivity brings an intriguing (and still unanswered) 
215
as well as cysteines involved in forming intrasubunit disulfide bonds play a role in the effect (27, 60, 216 74, 75, 90) .The ε subunit cloned from Xenopus laevis, which as stated above probably represents an 217 ortholog of the δ subunit, shows slower Na + self-inhibition when co-expressed with β and γ than
218
Xenopus αβγ channels; however, the percentage of current inhibited is much larger (10). To identify
219
regions involved in this differential behavior, the authors constructed a set of chimeras swapping 220 different regions of ε and α subunits, which clearly showed that the crucial region for determining 221 Na + self-inhibition is located in the extracellular domain of the subunits (10). Na + self-inhibition has 222 also been compared between human αβγ and δβγ channels expressed in Xenopus oocytes.
223
Consistent with the results found with Xenopus ε, δβγ channels showed a slower self-inhibition than 224 αβγ (42). Interestingly, it has been demonstrated that protons increase current by relieving Na + self-
225
inhibition at human αβγ channels (23). If this were the case for δ channels it would generalize the 226 model where proton binding alters extracellular regulation of ENaC by Na + .
227
Rapid regulation of ENaC activity by changes in extracellular ion composition and pH, combined 
243
How does δ ENaC pharmacology differ from canonical ENaC channels? 244
Another distinctive feature of δ and δβγ channels compared to α or αβγ is a 30-fold decrease in the 
251
The use of site-directed mutagenesis to study amiloride binding determinants is limited by the fact 252 that the same mutants that alter amiloride affinity also affect channel conductance and permeability 
260
Recently, a small molecule activator of ENaC was described (59). Compound S3969 increases
261
ENaC open probability only in heteromeric channels that incorporate either α or δ together with β 262 and γ subunits. The compound is equally effective in αβγ and δβγ channels (59). Activation of
263
ENaC by S3969 critically depends on residue V348 in the extracellular domain of the β subunit, but 264 it needs the presence of γ and α, which in turn can be substituted by δ. The low sequence identity 265 between α and δ, together with the fact that both subunits can be exchanged without altering S3969 266 effect, suggests that the binding site is formed by β and γ and that α and δ participate in a conserved 267 mechanism that transduce the effect to the pore. These findings indirectly support the idea that
268
ENaC, like other members of the ENaC/DEG family, may be a ligand-gated ion channel (6, 59).
269
In the past few years various pharmacological agents have been proposed as selective modulators of 270 δ ENaC. Capsazepine, previously known as a competitive antagonist of TRPV1 activation by 271 capsaicin (65), was reported to be an activator of δβγ ENaC (93). Application of other vanilloid 272 compounds such as capsaicin, resiniferatoxin, and olvanil, or a structurally related compound 273 (dopamine) did not modulate δβγ activity. Although δ ENaC homomeric channels were also 274 significantly activated by capsazepine, the drug had no effect on human α ENaC, while it produced 275 a slight decrease in the αβγ current. Another δ-specific activator has been described, icilin (95).
276
Both homomeric δ channels and δβγ were activated by icilin, whereas α activity was not affected 277 and αβγ was slightly inhibited (95). Finally, a well-know dye, Evan's blue, was reported to display 278 specific δ antagonist activity (98), with no effect on α subunits. Unfortunately, these three reagents 
326
The fact that some aspects of δ trafficking such as SGK1.1-regulated increase in channel membrane 327 abundance or differential δ isoform insertion rates are independent of PY motifs do not imply that δ 328 endocytosis is not regulated by ubiquitination. In fact, it has been demonstrated that COMMD1
329
(copper metabolism Murr1 domain 1) associates with δ ENaC and downregulates its activity by 330 decreasing channel membrane abundance, while simultaneously increasing δ ubiquitination (14, 22).
15
The internalized channels are sorted to the early/recycling endosomal pool, suggesting a new 332 pathway for regulation of δ ENaC.
333
One additional cellular mechanism controlling ENaC activity in the membrane is the increase in 334 channel Po by proteolytic processing of the extracellular domain, a mechanism that has been 335 extensively studied in αβγ channels (51). Recently, Haerteis et al. examined whether δβγ channels 336 undergo proteolytic processing as well, uncovering another functional difference triggered by the 337 substitution of α by δ in ENaC heteromers (33). Basal δβγ ENaC Po was found to be high (approx.
338
0.9) and significantly larger than αβγ Po, an observation later corroborated by our group (88).
339
Consistent with the larger Po in δβγ channels, current stimulation by treatment with chymotrypsin 340 was smaller in δβγ than in αβγ (33). Taken together, the results suggest that δ alters proteolytic 341 processing of ENaC, increasing the relative size of a pool of channels with high Po. The authors 342 also found that αβγ and δβγ plasma membrane abundance is similar, although δβγ channels 343 produced a much larger whole-cell current (a combined effect of larger conductance and higher Po).
344
In our hands, αβγ channels consistently produce larger whole-cell current, which is explained by 345 lower plasma membrane abundance of both δ1βγ and δ2βγ [(32) and our unpublished observations].
346
The reasons for this discrepancy are unknown.
347
Possible physiological roles for δ ENaC
348
Presently there is no report of Na + transport activity mediated by δ containing channels in native 349 cells, a fact that can be partially attributed to the difficulty of finding a good model. 
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The serum and glucocorticoid kinase sgk increases the abundance of epithelial sodium channels in 
